A single gram of soil is predicted to contain thousands of unique bacterial species. The majority of these species remain recalcitrant to standard culture methods, prohibiting their use as sources of unique bioactive small molecules. The cloning and analysis of DNA extracted directly from environmental samples (environmental DNA, eDNA) provides a means of exploring the biosynthetic capacity of natural bacterial populations. Environmental DNA libraries contain large reservoirs of bacterial genetic diversity from which new secondary metabolite gene clusters can be systematically recovered and studied. The identification and heterologous expression of type II polyketide synthase-containing eDNA clones is reported here. Functional analysis of three soil DNA-derived polyketide synthase systems in Streptomyces albus revealed diverse metabolites belonging to well-known, rare, and previously uncharacterized structural families. The first of these systems is predicted to encode the production of the known antibiotic landomycin E. The second was found to encode the production of a metabolite with a previously uncharacterized pentacyclic ring system. The third was found to encode the production of unique KB-3346-5 derivatives, which show activity against methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecalis. These results, together with those of other small-moleculedirected metagenomic studies, suggest that culture-independent approaches are capable of accessing biosynthetic diversity that has not yet been extensively explored using culture-based methods. The large-scale functional screening of eDNA clones should be a productive strategy for generating structurally previously uncharacterized chemical entities for use in future drug development efforts. D espite the historical success of bacterial natural products as lead structures for the development of small molecule therapeutics and the continued need for new antimicrobials and chemotherapeutics, large screening programs have deemphasized the use of microbial extracts over the past two decades. The reason most frequently cited for this decline is the persistent rediscovery of known metabolites (1-3). Most environmental bacteria remain recalcitrant to standard culture methods (4-6), and the difficulties associated with growing these organisms prohibit their use as new sources of bioactive small molecules. Although it is not yet possible to easily culture the majority of environmental bacteria, it is possible to extract microbial DNA directly from environmental samples (environmental DNA, eDNA) and to clone this DNA into cultured bacteria where it can be functionally characterized. This general approach has been termed metagenomics (7). The application of metagenomics to the study of bacterial secondary metabolism is particularly appealing in light of the fact that the genes required for the biosynthesis of a natural product are typically clustered on a bacterial chromosome. The heterologous expression of natural product gene clusters captured on individual clones or on small numbers of overlapping clones should provide a means of obtaining previously unidentified bioactive small molecules.
A single gram of soil is predicted to contain thousands of unique bacterial species. The majority of these species remain recalcitrant to standard culture methods, prohibiting their use as sources of unique bioactive small molecules. The cloning and analysis of DNA extracted directly from environmental samples (environmental DNA, eDNA) provides a means of exploring the biosynthetic capacity of natural bacterial populations. Environmental DNA libraries contain large reservoirs of bacterial genetic diversity from which new secondary metabolite gene clusters can be systematically recovered and studied. The identification and heterologous expression of type II polyketide synthase-containing eDNA clones is reported here. Functional analysis of three soil DNA-derived polyketide synthase systems in Streptomyces albus revealed diverse metabolites belonging to well-known, rare, and previously uncharacterized structural families. The first of these systems is predicted to encode the production of the known antibiotic landomycin E. The second was found to encode the production of a metabolite with a previously uncharacterized pentacyclic ring system. The third was found to encode the production of unique KB-3346-5 derivatives, which show activity against methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecalis. These results, together with those of other small-moleculedirected metagenomic studies, suggest that culture-independent approaches are capable of accessing biosynthetic diversity that has not yet been extensively explored using culture-based methods. The large-scale functional screening of eDNA clones should be a productive strategy for generating structurally previously uncharacterized chemical entities for use in future drug development efforts. D espite the historical success of bacterial natural products as lead structures for the development of small molecule therapeutics and the continued need for new antimicrobials and chemotherapeutics, large screening programs have deemphasized the use of microbial extracts over the past two decades. The reason most frequently cited for this decline is the persistent rediscovery of known metabolites (1) (2) (3) . Most environmental bacteria remain recalcitrant to standard culture methods (4) (5) (6) , and the difficulties associated with growing these organisms prohibit their use as new sources of bioactive small molecules. Although it is not yet possible to easily culture the majority of environmental bacteria, it is possible to extract microbial DNA directly from environmental samples (environmental DNA, eDNA) and to clone this DNA into cultured bacteria where it can be functionally characterized. This general approach has been termed metagenomics (7) . The application of metagenomics to the study of bacterial secondary metabolism is particularly appealing in light of the fact that the genes required for the biosynthesis of a natural product are typically clustered on a bacterial chromosome. The heterologous expression of natural product gene clusters captured on individual clones or on small numbers of overlapping clones should provide a means of obtaining previously unidentified bioactive small molecules.
A structurally diverse collection of aromatic metabolites, including many important antimicrobials and anticancer agents, arise from iterative (type II, aromatic) polyketide synthases (PKSs) (8) . Although the gene clusters that encode the biosynthesis of these diverse metabolites can differ substantially in gene content, they all encode a conserved minimal PKS composed of three proteins: ketosynthase alpha, KS α ; ketosynthase beta/chain length factor, KS β ; and acyl carrier protein, ACP. The minimal PKS is responsible for the iterative condensation of malonylCoAs into a nascent polyketide chain that is then cyclized, aromatized, reduced, oxidized, rearranged, and functionalized in pathway-specific ways to generate the extraordinary structural diversity that is known to arise from these systems (8, 9) . PCRbased studies as well as shotgun-sequencing efforts indicate that eDNA samples are rich in unique minimal PKS genes (10) (11) (12) (13) . Through the functional characterization of eDNA-derived type II PKS containing clones, we have identified PKS systems that encode structurally diverse metabolites including compounds with unique and rare carbon skeletons. Among the metabolites we identified are compounds that show activity against both methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant (vanA) Enterococcus faecalis (VRE). These studies suggest that large-scale heterologous expression of eDNA clones containing diverse KS β genes will be a productive strategy for producing previously unidentified bioactive metabolites that can be used in future drug discovery efforts.
Results and Discussion
Two previously archived eDNA cosmid-based libraries, constructed using DNA isolated from arid soils collected in Utah (UT) and Arizona (AZ), were screened for clones containing type II PKS systems. To identify type II PKS gene clusters in these libraries, cosmid DNA isolated from each library was used as the template in PCR reactions with degenerate primers designed to amplify full-length KS β genes (10, (14) (15) (16) . Amplicons of the correct predicted size (1.5 kb) were gel purified, sequenced, and compared to deposited KS β genes from cultured bacteria (Fig. 1) . Unique KS β genes were used as probes to recover type II PKS containing clones from the archived libraries. Recovered cosmids were then retrofitted with the genetic elements required for conjugation and site-specific integration into Streptomyces spp. and conjugated from Escherichia coli S17.1 into Streptomyces albus for heterologous expression studies. Fig. 1 shows a ClustalW-based phylogenetic tree containing eDNA-derived KS β genes as well as KS β genes from functionally characterized type II gene clusters that encode the biosynthesis of structurally diverse metabolites. It has been shown previously that KS α proteins group into clades that correlate well with the chain length and initial cyclization pattern of the polyketide precursor produced by a gene cluster (17) . Our analysis indicates that the above grouping is well retained for both KS α and KS β genes (Fig. 1 ). KS β s, which are primarily responsible for determining the length of the polyketide chain generated by a minimal PKS (8) , can therefore be used as bioinformatics markers for predicting both the length of the polyketide chain produced by a minimal PKS and the initial polyketide cyclization pattern of the polyketide chain. For this study, three cosmids (cosAZ97, cosUT-X26, and cosAZ154) that (i) contain KS β genes from distinct clades and (ii) confer the production of clone-specific metabolites to S. albus were selected for extensive characterization. Smallscale (50 mL) test cultures of S. albus transformed with each cosmid were optimized for clone-specific metabolite production, and then extracts obtained from large-scale fermentations (>3 L) grown under optimized heterologous expression conditions were used to obtain sufficient material for structural characterization studies.
Full sequencing of cosAZ97 revealed that, in both sequence and gene organization, the eDNA insert closely resembled the landomycin biosynthetic gene cluster from Streptomyces cyanogenus S136 (18, 19) (Supporting Information). Culture broth extracts of S. albus transformed with cosAZ97 were therefore examined for the presence of landomycin derivatives. HPLC-MS revealed one major clone-specific metabolite in these extracts.
and UV data correspond to data reported for landomycin E (compound 1), indicating that cosAZ97 encodes either the production of landomycin E itself or a close structural analog of landomycin E (18, 19) (Fig. 2 A and C) . Landomycin E has previously been reported as a natural product of Streptomyces globisporus 1912.
A number of minor clone-specific metabolites were observed in culture broth extracts derived from S. albus transformed with cosUT-X26. Exhaustive attempts to isolate these minor metabolites were unsuccessful. We have observed that the appearance of large numbers of unstable minor metabolites in crude culture broth extracts is often an indication that the polyketide biosynthetic machinery for a particular biosynthetic pathway has not been captured in its entirety on an eDNA clone. To identify overlapping clones that could be assembled into a larger continuous fragment of DNA for use in heterologous expression experiments, the UT library was rescreened with primer pairs designed to recognize the distal ends of cosUT-X26. A single overlapping cosmid clone, cosUT-F129, was identified and recovered from the library in this screen. Transformation-associated recombination (TAR) in Saccharomyces cerevisiae was used to reassemble cosUT-X26 and cosUT-F129 into a continuous 60 kb eDNA fragment contained within a bacterial artificial chromosome (BAC: UT-X26/F129) (20-23) (Supporting Information). Although S. albus transformed with cosUT-X26 alone produced multiple minor clone-specific metabolites and S. albus transformed with cosUT-F129 alone did not produce any detectable clone-specific metabolites, S. albus transformed with BAC:UT-X26/F129 produced a single major clone-specific metabolite. Silica gel flash chromatography followed by reversed-phase HPLC was used to purify this metabolite (compound 2) from ethyl acetate extracts of cultures grown for 7 d (30°C, 200 rpm) in modified R5 medium. The structure of compound 2 was determined by X-ray crystallography and confirmed by 1-and 2D NMR (Fig. 2B and Supporting Information). To the best of our knowledge, the pentacyclic ring system found in 2 (Fig. 2C) does not appear in any previously reported natural or synthetic compounds.
Extracts from cultures of S. albus transformed with the third cosmid, cosAZ154, were found to contain two major clonespecific metabolites. Compounds 3 and 4 were purified by silica gel flash chromatography and reversed-phase HPLC from methanol washes of HP-20 resin (Supelo-Diaion™) added to ISP Medium 4 (Difco) grown cultures (12-14 d, 30°C, 200 rpm). The structures of both metabolites were established by high-resolution MS (HRMS) and extensive 1-and 2D NMR experiments ( Fig. 2B and Supporting Information). Compounds 3 and 4 ( Fig. 2C ) are previously uncharacterized natural products and represent members of the recently reported Streptomyces (strain FERM BP-109834) derived KB-3346-5 family of compounds (24) .
Metagenomics severs the link between DNA and its source, thus the metabolite(s) produced by an eDNA-derived gene cluster in the context of its natural genetic background is not known. Compounds arising from metagenomic studies will undoubtedly represent a mixture of native metabolites, intermediates from the biosynthesis of native metabolites, as well as metabolites arising from unique interactions of eDNA genes with host biosynthetic machineries. In the case of cosAZ97, where the cloned eDNA closely resembles a previously sequenced biosynthetic gene cluster, we believe it is reasonable to assume that the heterologously produced landomycin derivative likely represents a natively produced metabolite. For cosAZ154 (Supporting Information) and BAC:UT-X26/F129 (Supporting Information), we were unable to identify closely related functionally characterized gene clusters that would permit analogous simple comparisons. The KB-3346-5 gene cluster from strain FERM BP-109834 likely resembles cosAZ154; however, because this gene cluster is not publicly available, no direct comparison was possi- Fig. 1 . A ClustalW-based phylogenetic tree containing eDNA-derived KS β genes (boxes) and KS β genes from sequenced PKS gene clusters that encode structurally diverse metabolites. The tree was constructed using the Neighbor-Joining method. The fabB gene from E. coli was used as an outgroup.
ble. Thirteen of the genes found on BAC:UT-X26/F129 have close relatives in a cryptic type II PKS gene cluster from Streptomyces bingchenggensis (25) . BAC:UT-X26/F129 contains a number of genes predicted to encode polyketide modifying enzymes that are not encoded by the cryptic S. bingchenggensis gene cluster, including additional thioesterase, cyclase, ketoreductase, and oxidoreductase genes. It is therefore unlikely that these two gene clusters encode the biosynthesis of identical metabolites or even metabolites based on the same polyketide skeletons. Although comparisons to gene clusters functionally characterized in culture-based studies provided little insight into the biosynthetic origins of compounds 2-4, their biosyntheses can be rationalized based on standard polyketide cyclization paradigms and information gleaned from the clade in which the KS β gene found on each eDNA cosmid resides (Fig. 1) .
Functionally characterized gene clusters containing KS β genes from the same clade into which KS β UT-X26 falls generate linear tetracyclic intermediates from decaketide precursors (26) (Fig. 3A) . This linear tetracyclic intermediate is seen in both tetracycline and aureolic acid biosynthesis. It is therefore not surprising that many genes found on UT-X26/F129 have close homologs in tetracycline and aureolic-acid-type gene clusters (Supporting Information). Three predicted cyclases from UT-X26/F129 (ORFs 6, 34, and 29) are closely related to the three cyclases, MtmQ, Y, and X, which produce a linear tetracyclic intermediate in the biosynthesis of the aureolic acid mithramycin. In our biogenic proposal, ORF6, 34, and 29 are predicted to generate a tetracyclic intermediate as well. The reduction of the C-9 ketone by ORF28, a predicted C-9 ketoreductase, would explain the absence of the C-9 hydroxyl in 2. In the biosynthesis of the aureolic acid family of antitumor compounds, the linear tetracyclic intermediate is converted to a tricyclic structure with a pentyl side chain through the oxidative cleavage of the fourth ring (26) (Fig. 3A) . This cleavage reaction is accompanied by the loss of a carboxylate. In the biosynthetic proposal for compound 2 (Fig. 3A) , the tetracyclic intermediate undergoes a similar oxidative cleavage reaction, however, the carboxylate is retained. No close homolog of the oxygenase responsible for the decarboxylation-coupled cleavage of the fourth ring in sequenced aureolic acid gene clusters appears on BAC:UT-X26/F129. A cleavage reaction that retains the carboxylate is therefore likely carried out by one of the nonhomologous oxygenases (ORF20 or 23) that could not be assigned to another role based on simple homology arguments (ORF15 and 25). Lactonization of the carboxylate and the pentyl side chain, followed by reduction and cyclization of the now butyl side chain with the new tetracyclic core would generate the pentacyclic ring system seen in 2. The formation of both the fourth and fifth rings from the pentyl side chain appears to be unprecedented in the biosynthesis of polyketides characterized in culture-based studies. Although it is possible to rationalize the biosynthesis of 2 from the genes found on BAC:UT-X26/ F129 (Fig. 3A) , as with any heterologous expression experiment, it is also possible that the host proteome plays a role in the biosynthesis of 2. BAC:UT-X26/F129 contains two predicted glycosyltransferases as well as a number of predicted sugar biosynthesis genes. Compound 2 may therefore represent an aglycone structure. It is not uncommon for heterologous expression experiments to yield aglycone structures as a result of either the failure to heterologously produce required specialized sugars or the absence of required thymidine diphosphate sugars in the host primary metabolome (27, 28). Fig. 3B shows a biogenic proposal for the formation of compounds 3 and 4 from the cyclization and functionalization of a tridecaketide precursor. KS β AZ154, which is used in the biosynthesis of compounds 3 and 4, falls in a clade with KS β genes from functionally characterized minimal PKSs that produce long chain polyketides (>10 acetates) and pathways that proceed through related pentacyclic intermediates (29) (Fig. 3B) . Our biosynthetic proposal for compounds 3 and 4 shares the C-9/C-14, C-7/C-16, and C-5/C-18 cyclization reactions found in the biosynthesis of metabolites using closely related KS β genes (e.g., γ-rubromycin, fredericamycin, griseorhodin, benestatin). After the formation of the first three rings, the biosynthesis of compounds 3 and 4 appears to diverge from that seen in γ-rubromycin, fredericamycin, griseorhodin, and benestatin, which undergo keto reduction at C-19 and two subsequent cyclizations to generate what has been termed a "pentangular" polyphenolic intermediate (Fig. 3B) At the highest concentration tested (50 μg∕mL), the metabolites 2-4 showed no activity against yeast or gram-negative bacteria. Compounds 3 and 4 do, however, exhibit potent activity against gram-positive bacteria (Table 1) . Both metabolites are active against MRSA (USA300) and VRE (EF16) (30) . The specific halogenation pattern seen in compound 3 appears to be important for potent antimicrobial activity, as the monohalogenated derivative (3) is almost an order of magnitude more active than the dihalogenated derivative (4) against VRE. No previously described KB-3346-5 derivatives contain this halogenation pattern. Compound 3 is one of the first metabolites with potent bioactivity to be identified through the heterologous expression of soilderived eDNA (31) .
Conclusions
In previous studies, eDNA clones associated with two different KS β genes, UT-V167 and AB649 (Fig. 4) , were found to encode the biosynthesis of the pentacyclic metabolite erdacin (5) and previously uncharacterized fluostatin (6) derivatives, respectively (14, 15) . Of the five eDNA-derived type II PKS systems that have now been functionally characterized in heterologous hosts (Fig. 4) , two encode the biosynthesis of metabolites with ring systems that had not been previously reported from culture-based studies [BAC:UT-X26/F129 (2) and cosUT-V167 (5)], two encode the biosynthesis of structures based on ring systems that have only rarely been observed in culture-based studies [cosAB649 (6) and cosAZ154 (3, 4)], and only one was found to encode the biosynth- esis of a carbon skeleton that is well-represented among metabolites characterized in culture-based studies [cosAZ97 (1) ]. The high frequency with which unique and rare structural families have been found in these studies indicates that metagenomics is likely providing access to biosynthetic diversity that has not yet been extensively explored using culture-based methods.
Methods
See Supporting Information for additional methods and analytical data.
Library Construction and Arraying. The two permanently archived eDNA cosmid libraries used in this study were previously constructed and archived using published protocols (16) . Briefly, soil was collected in Utah and Arizona, sifted to remove large particulates, and then heated (70°C) in lysis buffer [100 mM Tris·HCl, 100 mM EDTA, 1.5 M NaCl, 1% (wt∕vol) cetyltrimethylammonium bromide, 2% (wt∕vol) SDS (pH 8.0)] for 2 h. Soil particulates were removed from the crude lysate by centrifugation, and eDNA was precipitated from the resulting supernatant with the addition of 0.7 vol isopropanol. Crude eDNA was collected by centrifugation, washed with 70% ethanol, and resuspended in TE [10 mM Tris·HCl, 1mM EDTA (pH 8.0)]. Gel purified (1% agarose) high-molecular-weight eDNA was blunt ended (Epicentre, EndIt), ligated into the SmaI site of pWEB or pWEB-TNC (Epicentre), packaged into lambda phage, and transfected into E. coli EC100. Unique approximately 5,000-membered sublibrary pools were archived as matching pairs of glycerol stocks and minipreps. Each library contains at least 10 million unique cosmid clones. Genetic manipulation of E. coli and Streptomyces were performed according to standard protocols (32, 33) .
KS β Screening, Clone Recovery, Retrofitting, and Mating. Cosmid DNA isolated from each library served as the template to amplify KS β sequences using previously described conditions and degenerate primers (dp:KS-TTCGGSGGI-TTCCAGWSIGCSATG and dp:ACP-TCSAKSAGSGCSAISGASTCGTAICC) (10) . Twenty-five microliter PCR reactions contained 50 ng of cosmid DNA, 2.5 μM of each primer, 2 mM dNTPs, 1× ThermoPol reaction buffer (New England Biolabs), 0.5 unit Taq DNA polymerase (New England Biolabs), and 5% DMSO.
PCR was conducted using the following touchdown protocol: denaturation (95°C, 2 min), 8 touchdown cycles [95°C, 45 s; 65°C (−1°C per cycle), 1 min; 72°C, 2 min], 35 standard cycles (95°C, 45 s; 58°C, 1 min; 72°C, 2 min), and a final extension step (72°C, 2 min). Sublibrary pools from which unique KS β genes were amplified were used as the starting point for the recovery of unique KS β containing eDNA clones. Overnight cultures of sublibraries containing KS β genes of interest were plated into 96-well microtiter plates at a dilution of 10 −5 or 10 −6 . After 18 h at 37°C, the diluted cultures were screened by whole-cell PCR using KS β specific primers. PCR positive wells were then plated directly on solid media to yield distinct colonies that were screened in a second round of whole-cell PCR. Recovered cosmids were digested with PsiI, which cuts in the cosmid vector but rarely cuts in eDNA inserts. Each linearized cosmid was then ligated with the 6.81 kb DraI fragment from pOJ436. This fragment contains an origin of transfer (oriT), an apramycin resistance marker, and elements of the phiC31 attp-attB integration system needed for integration into diverse Streptomyces spp. (34) . Retrofitted cosmids were transformed into E. coli S17.1 and conjugated into Streptomyces using published protocols. Fifty-milliliter test cultures were grown (30°C, 7-21 d) in modified R5 or ISP Medium 4 media both with and without 5% HP-20 resin. Ethyl acetate extracts of crude culture broths as well as methanol washes of the HP-20 resin were examined for clonespecific metabolites.
TAR Reassembly of Overlapping Clones. PCR primers designed to recognize the sequence at each end of an eDNA clone were used to identify and recover overlapping cosmid clones. In the UT library, cosUT-F129 was the only overlapping clone identified for cosUT-X26. The AZ library yielded overlapping clones for both ends of cosAZ154 (cosAZ809 and cosAZ1678 Bioactivity Assays. Overnight cultures grown in either LB or yeast extract-peptone-glucose medium were diluted 10 6 -fold. Aliquots (150 μL) of the dilute cultures were added to individual wells of a 96-well plate. Compounds were resuspended in methanol at 10 mg∕mL and then diluted 100-fold into culture media. This solution (150 μL) was added to the first well of the microtiter plate and then serially diluted twofold per well across the plate. The plates were incubated at 30°C for 18-24 h. Minimum inhibitor concentrations are reported as the lowest concentration at which no bacterial growth was observed. were identified in this study. Aromatic polyketides characterized from heterologous expression studies using eDNA clones have often been found to contain either rare and previously uncharacterized carbon skeletons.
